We adjust a new improved relativistic mean-field effective interaction with explicit density dependence of the meson-nucleon couplings. The effective interaction DD-ME2 is tested in relativistic Hartree-Bogoliubov and quasiparticle random-phase approximation (QRPA) calculations of nuclear ground states and properties of excited states, in calculation of masses, and it is applied to the analysis of very recent data on superheavy nuclei.
I. INTRODUCTION
Structure properties of medium-heavy and heavy nuclei with many active valence nucleons are best described in the framework of self-consistent mean-field methods. The effective Gogny interaction, the Skyrme energy functionals, and the relativistic meson-exchange effective Lagrangians have been very successfully employed in models of nuclear structure and low-energy dynamics [1] .
The self-consistent mean-field approach enables a description of the nuclear many-body problem in terms of a universal energy density functional. The exact energy functional, which includes all higher order correlations, is approximated with powers and gradients of ground-state nucleon densities. Although it models the effective interaction between nucleons, a general density functional is not necessarily related to any given NN potential. By employing global effective interactions, adjusted to empirical properties of symmetric and asymmetric nuclear matter, and to bulk properties of few spherical nuclei, self-consistent mean-field models have achieved a high level of accuracy in the description of ground states and properties of excited states in arbitrarily heavy nuclei. One of the major goals of modern nuclear structure is to build a universal energy density functional theory [2] . The theory is universal in the sense that the same functional is used for all nuclei, with the same set of parameters. This framework should provide a basis for a consistent microscopic treatment of the nuclear many-body problem, including infinite nuclear and neutron matter, ground-state properties of all bound nuclei, low-energy excited states, small-amplitude vibrations, large-amplitude adiabatic properties, and reliable extrapolations toward the drip lines.
One of the first steps in this direction has been the construction of microscopic mass tables based on the self-consistent Skyrme Hartree-Fock (HF) and Skyrme Hartree-FockBogoliubov (HFB) framework. In a series of recent papers [3] [4] [5] [6] a set of complete microscopic mass tables of more than 9000 nuclei lying between the particle drip lines over the range Z, N 8 and Z 120 have been constructed within the HFB framework. By adjusting the parameters of the Skyrme interaction, the strength and the cutoff parameters of the (possibly density-dependent) δ-function pairing force, and the parameters of two phenomenological Wigner terms, with a total of ≈20 parameters in all, the measured masses of 2135 nuclei with Z, N 8 have been fitted with an rms error of less than 700 keV. In addition, although these effective interactions have been adjusted only to masses, they also produce excellent results for the charge radii, with an rms deviation of ≈0.025 fm for the absolute charge radii and charge isotope shifts of more than 500 nuclei [7] . However, the Skyrme-HFB mass formulas are far from being definite. Future improvements must include modifications to the interactions, a better treatment of symmetry-breaking effects, and many-body correlations. For instance, in Ref. [8] an improved version of the deformed configuration-space HFB method has been employed, based on the expansion of the HFB wave functions in a complete set of transformed harmonic-oscillator basis states, obtained by a local-scaling point transformation. This method enables a careful treatment of the asymptotic part of the nucleonic density and is therefore particularly suitable for self-consistent HFB calculations of deformed weakly bound nuclei close to the nucleon drip lines. In Ref. [9] the coordinate-space HFB framework has been generalized to include arbitrary mixing between protons and neutrons both in the particle-hole and particle-particle channels. The resulting HFB density matrices have a rich spin-isospin structure and provide a microscopic description of pairing correlations in all isospin channels.
An important class of self-consistent mean-field models belongs to the framework of relativistic mean-field theory (RMF). RMF-based models have been successfully applied in analyses of a variety of nuclear structure phenomena, not only in nuclei along the valley of β stability, but also in exotic nuclei with extreme isospin values and close to the particle drip lines. The RMF framework has recently been extended to include effective Lagrangians with densitydependent meson-nucleon vertex functions. The functional form of the meson-nucleon vertices can be deduced from inmedium Dirac-Brueckner interactions, obtained from realistic free-space NN interactions, or a phenomenological approach can be adopted, with the density dependence for the σ, ω, and ρ meson-nucleon couplings adjusted to properties of nuclear matter and a set of spherical nuclei. The latter was employed in Ref. [10] , where the relativistic Hartree-Bogoliubov (RHB) model was extended to include medium-dependent vertex functions. It has been shown that, in comparison with standard nonlinear meson self-interactions, relativistic models with an explicit density dependence of the meson-nucleon couplings provide an improved description of asymmetric nuclear matter, neutron matter, and nuclei far from stability. The relativistic random-phase approximation (RRPA), based on effective Lagrangians characterized by density-dependent meson-nucleon vertex functions, has been derived in Ref. [11] . A comparison of the RRPA results on multipole giant resonances with experimental data provides additional constrains on the parameters that characterize the isoscalar and isovector channels of the density-dependent effective interactions. In a microscopic analysis of the nuclear matter compressibility and symmetry energy [12] , it has been shown that the experimental data on the giant monopole resonances restrict the nuclear matter compression modulus of structure models based on the relativistic mean-field approximation to K nm ≈ 250-270 MeV, whereas the isovector giant dipole resonances and the available data on differences between neutron and proton radii limit the range of the nuclear matter symmetry energy at saturation (volume asymmetry) of these effective interactions to 32 MeV a 4 36 MeV.
In this work we continue the investigation of relativistic effective forces with density-dependent meson-nucleon couplings, and we adjust a new phenomenological interaction to be used in RMF+BCS, RHB, and relativistic quasiparticle random-phase approximation [R(Q)RPA] calculations of ground states and excitations of spherical and deformed nuclei. The construction of the effective interaction DD-ME2 and the resulting equations of state for symmetric and asymmetric nuclear matter are analyzed in Sec. II. In Sec. III the new interaction is employed in a series of RHB and R(Q)RPA calculations of ground-state properties and giant resonances. The model is tested in the calculation of masses and is applied to the analysis of very recent data on superheavy nuclei. The results are summarized in Sec. IV.
II. THE EFFECTIVE DENSITY-DEPENDENT INTERACTION DD-ME2
References [13] [14] [15] contain a very detailed discussion of the density-dependent nuclear hadron field theory. The relativistic RHB model and the random phase approximation (RPA) based on effective interactions with density-dependent meson-nucleon couplings are described in Refs. [10] and [11] , respectively. For completeness we include the essential features of the relativistic Lagrangian density with mediumdependent vertices 
The functions g σ , g ω , and g ρ are assumed to be vertex functions of Lorentz-scalar bilinear forms of the nucleon operators. In practical applications of the density-dependent hadron field theory the meson-nucleon couplings are assumed to be functions of the baryon density ψ † ψ. In a relativistic framework the couplings can also depend on the scalar densitȳ ψψ. Nevertheless, expanding in ψ † ψ is the natural choice, because the baryon density is connected to the conserved baryon number, unlike the scalar density for which no conservation law exists. The scalar density is a dynamical quantity, to be determined self-consistently by the equations of motion, and is expandable in powers of the Fermi momentum. For the meson-exchange models it has been shown that the dependence on baryon density alone provides a more direct relation between the self-energies of the density-dependent hadron field theory and the Dirac-Brueckner microscopic selfenergies [13] . The explicit dependence of the vertex functions on the baryon density produces rearrangement contributions to the vector nucleon self-energy. The rearrangement terms result from the variation of the vertex functionals with respect to the baryon fields in the density operator (which coincides with the baryon density in the nuclear matter rest frame). For a model with density-dependent couplings, the inclusion of the rearrangement self-energies is essential for energy-momentum conservation and thermodynamical consistency (i.e., for the pressure equation derived from the thermodynamic definition and from the energy-momentum tensor) [14, 15] .
The meson-nucleon vertex functions are determined either by mapping the nuclear matter Dirac-Brueckner nucleon self-energies in the local density approximation [13, 15, 16] or by adjusting the parameters of an assumed phenomenological density dependence of the meson-nucleon couplings to reproduce properties of symmetric and asymmetric nuclear matter and finite nuclei [10, 14] . In the phenomenological approach of Refs. [10, 13, 14] the coupling of the σ meson and ω meson to the nucleon field reads
where
is a function of x = ρ/ρ sat , and ρ sat denotes the baryon density at saturation in symmetric nuclear matter. The eight real parameters in (6) are not independent. The five constraints-
, and f i (0) = 0-reduce the number of independent parameters to three. Three additional parameters in the isoscalar channel are g σ (ρ sat ), g ω (ρ sat ), and m σ , the mass of the phenomenological σ meson. For the ρ-meson coupling the functional form of the density dependence is suggested by Dirac-Brueckner calculations of asymmetric nuclear matter [16] :
The isovector channel is parametrized by g ρ (ρ sat ) and a ρ . Usually the free values are used for the masses of the ω and ρ mesons: m ω = 783 MeV and m ρ = 763 MeV. In principle one could also consider the density dependence of the meson masses. However, since the effective meson-nucleon coupling in nuclear matter is determined by the ratio g/m, the choice of a phenomenological density dependence of the couplings makes an explicit density dependence of the masses redundant. The eight independent parameters (seven coupling parameters and the mass of the σ meson) are adjusted to reproduce the properties of symmetric and asymmetric nuclear matter, binding energies, charge radii, and neutron radii of spherical nuclei. In Ref. [10] we introduced the densitydependent meson-exchange effective interaction (DD-ME1), whose parameters are displayed in Table I . The seven coupling parameters and the σ -meson mass were simultaneously adjusted to properties of symmetric and asymmetric nuclear matter, and to ground-state properties of twelve spherical nuclei [17] [18] [19] . For the open-shell nuclei pairing correlations were treated in the BCS approximation with empirical pairing gaps (five-point formula).
In Ref. [10] the RHB model with the density-dependent interaction DD-ME1 in the ph channel, and with the finiterange Gogny interaction D1S [20] in the pp channel, was tested in the analysis of ground-state properties of the Sn and Pb isotopic chains. It has been shown that, compared to standard nonlinear relativistic mean-field effective forces, the interaction DD-ME1 has better isovector properties and therefore provides an improved description of asymmetric nuclear matter, neutron matter, and nuclei far from stability. The DD-ME1 interaction has also recently been tested in the calculation of deformed nuclei [21] . Groundstate properties of six isotopic chains (60 Z 70) in the region of rare-earth nuclei were calculated by using the RHB model, and a very good agreement was obtained in comparison with experimental data on total binding energies, charge isotope shifts, and quadrupole deformation parameters. In Refs. [11, 12] we derived the relativistic (quasiparticle) random phase approximation based on effective interactions with density-dependent meson-nucleon couplings. The explicit density dependence of the vertex functions introduces rearrangement terms in the residual two-body interaction. Illustrative calculations were performed for the isoscalar monopole, isovector dipole, and isoscalar quadrupole response of spherical nuclei. Starting from DD-ME1, and by constructing families of interactions with some given characteristic (compressibility, symmetry energy, and effective mass), it has been shown how the comparison of the R(Q)RPA results on multipole giant resonances with experimental data can be used to constrain the parameters that characterize the isoscalar and isovector channel of the density-dependent effective interactions. In particular, in Ref. [12] we have shown that the comparison of the calculated excitation energies with the experimental data on the giant monopole resonances restricts the nuclear matter compression modulus to K nm ≈ 250-270 MeV. To reproduce the isovector giant dipole resonance in 208 Pb and the available data on differences between neutron and proton radii, the range of the nuclear matter symmetry energy at saturation (volume asymmetry) is 32 MeV a 4 36 MeV. Very recently [22] DD-ME1 has also been employed in the proton-neutron R(Q)RPA analysis of charge-exchange modes, specifically isobaric analog resonances and Gamow-Teller resonances in spherical nuclei.
Taking into account all these results, in this work we adjust a new phenomenological density-dependent interaction to be used in RMF+BCS, RHB, and R(Q)RPA calculations of ground states and excitations of spherical and deformed nuclei. Similar to the procedure used in Ref. [10] to adjust the interaction DD-ME1, the seven independent coupling parameters and the mass of the σ -meson are adjusted simultaneously to properties of nuclear matter and to binding energies, charge radii, and differences between neutron and proton radii of spherical nuclei (see Table II ). For nuclear matter the "empirical" input is as follows: E/A = −16 MeV (5%), ρ 0 = 0.153 fm −3 (10%), K 0 = 250 MeV (10%), and J = 33 MeV (10%). The values in parentheses correspond to the error bars used in the fitting procedure. The binding energies of finite nuclei and the charge radii are taken within an accuracy of 0.1% and 0.2%, respectively. Because of the larger experimental uncertainties, the error bar used for the neutron skin is 5%. For the open-shell nuclei pairing correlations are treated in the BCS approximation with empirical pairing gaps (five-point formula). After the solution of the self-consistent equations, the microscopic estimate for the center-of-mass correction is subtracted from the total binding energy,
where P cm is the total momentum of a nucleus with A nucleons. As in the case of DD-ME1, a set of twelve spherical nuclei is used to adjust the effective interaction. The only difference is that 112 Sn has been replaced by 72 Ni. In this way a more balanced mass distribution is used in the fit. Much more important, however, is the fact that for the new interaction we have also used data on excitation energies of isoscalar monopole (ISGMR) and isovector dipole giant resonances (IVGDR) in spherical nuclei. The interaction has been adjusted to the excitation energies of the ISGMR and IVGDR in 208 Pb, which practically do not display any fragmentation, and it also reproduces in detail the evolution of the IVGDR in the sequence of Sn isotopes. These results will be discussed in the next section.
The parameters of the new interaction, denoted DD-ME2, are listed in Table I , together with the older parameterization DD-ME1. The DD-ME2 results for the binding energies, charge radii, and differences between radii of neutron and proton density distributions for the set of 12 spherical nuclei are compared with experimental data in Table II . The agreement between the calculated values and data is indeed very good. Even though the two parameter sets are rather similar, the χ 2 for the data set of Table II has been considerably improved with the new interaction: χ 2 = 55 for DD-ME2, whereas χ 2 = 77 for DD-ME1. The two interactions display very similar equations of state for symmetric nuclear matter, the symmetry energies as function of the nucleon density, and the neutron matter equations of state (see the corresponding figures in Ref. [10] ). The differences are small and thus in Table III we only compare the nuclear matter properties at saturation density, that is, binding energy per nucleon, saturation density, nuclear matter compression modulus, Dirac effective mass, and symmetry energy at saturation. We notice that for DD-ME2 the nuclear matter incompressibility and the symmetry energy at saturation correspond to the lower limits of the allowed values determined by the R(Q)RPA analysis of the isoscalar monopole and isovector dipole giant resonances in heavy spherical nuclei.
III. APPLICATIONS
We have performed several tests of the new interaction in a series of RHB and R(Q)RPA calculations of binding energies, separation energies, charge isotope shifts, deformations, and isoscalar and isovector giant resonances. Ground-state properties have been calculated in the RHB model with the DD-ME2 effective interaction in the particle-hole channel, and with the Gogny interaction [23] in the pairing channel
with the set D1S [20] for the parameters µ i , W i , B i , H i , and
The fully self-consistent RRPA [11] and R(Q)RPA [24] have been used to calculate excitation energies of giant resonances in doubly closed and open-shell nuclei, respectively. The R(Q)RPA is formulated in the canonical basis of the RHB model and, in both the ph and pp channels, the same interactions are used in the RHB equations that determine the canonical quasiparticle basis and in the matrix equations of the R(Q)RPA.
In general, when compared with the results obtained with the DD-ME1 interaction [10, 11, 21] , the new interaction improves the agreement with experimental data on ground-state properties of spherical and deformed nuclei and excitation energies of giant resonances in spherical nuclei. For instance, in Fig. 1 we display the absolute deviations of the theoretical masses from the experimental values [17] for the isotopic chains of O and Pb. For the O isotopes the absolute deviations calculated with DD-ME1 and DD-ME2 are comparable, generally within ≈1 MeV of the experimental data. For the Pb chain, in contrast, the binding energies calculated with the DD-ME2 interaction are in much better agreement with data. However, we are not going to present here a comparison with all the results that were extensively discussed in Refs. [10, 11, 21] for the DD-ME1 interaction. Rather, selected features of the DD-ME2 interaction will be illustrated.
The theoretical binding energies of approximately 200 nuclei calculated in the RHB model, with the DD-ME2 plus Gogny D1S interactions, are compared with experimental values in Fig. 2 . Except for a few Ni isotopes with N ≈ Z that are notoriously difficult to describe in a pure meanfield approach, and several transitional medium-heavy nuclei, the calculated binding energies are generally in very good agreement with experimental data. Although this illustrative calculation cannot be compared with microscopic mass tables that include more than 9000 nuclei [3] [4] [5] [6] , we emphasize that the rms error including all the masses shown in Fig. 2 is less than 900 keV. Moreover, since a finite-range pairing interaction is used, the results are insensitive to unphysical parameters like, for instance, the momentum cutoff in the pairing channel. When compared with data on absolute charge radii and charge isotope shifts from Ref. [19] , the calculated charge radii exhibit an rms error of only 0.017 fm. The predictive power of the RHB model with the DD-ME2 effective interaction is also illustrated in Table IV , where we include the calculated binding energies, radii of charge and neutron density distributions, and quadrupole and hexadecupole moments of heavy and superheavy nuclei, in comparison with available experimental data [17] [18] [19] 25] . The calculated masses and moments are in excellent agreement with experimental values. The results shown in Fig. 2 and Table IV indicate that DD-ME2 could be used as a basis for a microscopic mass table based on a relativistic universal energy density functional. Work along these lines is in progress. In adjusting the parameters of DD-ME2 we took into account the results of Refs. [11, 12] , where it has been shown that, to reproduce the excitation energies of the ISGMR and IVGDR in spherical nuclei, the values of the nuclear matter compression modulus K nm should be restricted to the interval ≈250-270 MeV, and the range of the nuclear matter symmetry energy at saturation should be 32 MeV a 4 36 MeV. For 208 Pb the RRPA results for the monopole and isovector dipole response are displayed in Fig. 3 . For the multipole operatorQ λµ the response function R(E) is defined as
where is the width of the Lorentzian distribution, and
In the examples considered here, the continuous strength distributions are obtained by folding the discrete spectrum of R(Q)RPA states with the Lorentzian [see Eq. (10)] with constant width = 1 MeV. The calculated peak energies of the ISGMR and IVGDR, 13.9 and 13.5 MeV, respectively, should be compared with the experimental excitation energies, E = 14.1 ± 0.3 MeV [26] for the monopole resonance and E = 13.3 ± 0.1 MeV [27] for the dipole resonance, respectively.
In Fig. 4 we compare the R(Q)RPA results for the Sn isotopes with experimental data on IVGDR excitation energies [28] . In contrast to the case of 208 Pb, the strength distributions in the region of giant resonances exhibit fragmentation and the energy of the resonance E GDR is defined as the centroid energyĒ = m 1 /m 0 , calculated in the same energy window as the one used in the experimental analysis (13) (14) (15) (16) (17) (18) . The RHB+R(Q)RPA calculation with the DD-ME2 interaction reproduces in detail the experimental excitation energies and the isotopic dependence of the IVGDR. An important field of applications of self-consistent meanfield models includes the structure and decay properties of superheavy nuclei [1] . The relativistic mean-field framework has recently been very successfully employed in calculations of chains of superheavy isotopes [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . Because generally relativistic density-dependent effective interactions provide a very realistic description of asymmetric nuclear matter, neutron matter, and nuclei far from stability, one can also expect a good description of the structure of superheavy nuclei. In Table IV we have shown that the interaction DD-ME2 reproduces ground-state properties of superheavies with high accuracy. Of course it is also interesting to analyze predictions for decay chains. In a very recent work [39] , evidence has been reported for the synthesis of element Z = 115. In Fig. 5 Gogny interaction D1S in the pairing channel. The DiracHartree-Bogoliubov equations and the equations for the meson fields are solved by expanding the nucleon spinors and the meson fields in terms of the eigenfunctions of a deformed axially symmetric oscillator potential. A simple blocking procedure is used in the calculation of odd-proton and/or odd-neutron systems. The blocking calculations are performed without breaking the time-reversal symmetry. We notice that for both α-decay chains the trend of experimental transition energies is accurately reproduced by our calculations. For the odd-odd nucleus 288 115, in particular, the theoretical Q α values are in excellent agreement with the experimental data. For completeness, in Fig. 6 we also include the ground-state quadrupole deformation parameters β 2 of the superheavy nuclei that belong to the two α-decay chains.
IV. SUMMARY AND CONCLUSIONS
Effective nuclear interactions with density-dependent meson-nucleon vertex functions represent a significant improvement in the relativistic self-consistent mean-field description of the nuclear many-body problem. In a number of recent studies it has been shown that, in comparison with standard nonlinear meson-exchange models, this class of effective interactions provides a more realistic description of asymmetric nuclear matter, neutron matter, and finite nuclei. In particular, these interactions allow for a softer equation of state of nuclear matter (i.e., lower incompressibility) and a lower value of the symmetry energy at saturation.
In this work we have adjusted a new, improved relativistic mean-field effective interaction with explicit density dependence of the meson-nucleon couplings. In comparison with the previous version DD-ME1 that was derived in Ref. [10] , the new interaction, denoted DD-ME2, takes into account the results of relativistic RPA analyses [11, 12] , which provide additional constraints on the parameters that characterize the isoscalar and isovector channels. To illustrate the principal features of the new interaction, we have analyzed ground-state properties and excitation energies of giant resonances. Ground states of spherical and deformed nuclei have been calculated in the RHB model with the DD-ME2 effective interaction in the particle-hole channel, and with the Gogny interaction D1S in the pairing channel. The fully self-consistent RRPA and R(Q)RPA have been used to calculate excitation energies of giant resonances in spherical nuclei. When compared with the results obtained with DD-ME1, the new interaction considerably improves the agreement with experimental data. We particularly emphasize the very good results for the masses of approximately 200 nuclei and for the isoscalar monopole and isovector dipole resonances and the excellent agreement with the recently reported α-decay chains of the new element 115. DD-ME2 represents a valuable addition to the set of relativistic mean-field interactions. Future applications will include the calculation of a microscopic mass table, mapping the drip lines, and a more extensive study of giant resonances.
